Introduction
Optical sensors in the form of visible light and infrared cameras and range finders, as well as laser illuminators are one of the most widely used systems in the equipment of unmanned aerial vehicles (UAV). These sensors are installed in gimbals, special platforms for control of the direction of the optical line and its stability.
In the Air Force Institute of Technology, works on optoelectronic gimbals for manned and unmanned aerial vehicles are being conducted. Within these works, two universal units, serving as test platforms for research of various technical solutions for systems for implementation in gimbals were designed. One of the directions of the conducted works is research of gimbal drives.
The issue of the selection of the appropriate drive is complex because of the series of opposing requirements, which must be met by the solution for installation on the aircraft's board. For example, the motor used in the drive should be RESEARCH WORKS OF AFIT Issue 36, pp. 159÷170, 2015 10.1515/afit-2015-0022 characterised with high torque at a small scale weight, while this torque must be high enough to ensure the correct work of the gimbal in condition of overloads occurring during the flight of the aircraft. At the same time, heat emitted by the motor to the environment should be as small as possible because of the possibility of disruptions of the system operation, e.g. technical difficulties in ensuring stable working conditions of a thermal camera's operation.
Although the choice of a brushless DC motor for the considered case, at the current state of technology, seems to be most beneficial, a wide variety of types and configurations of these motors does not make the analysis preceding the choice of a specific model trivial. In this paper, an attempt to pre-select system and parameters of the motor for use in optoelectronic gimbal is undertaken.
BLDC motors
A brushed motor has so far been the main type of an electric motor powered by a direct current. It is characterised by simplicity of structure and low production cost. It also has a significant drive torque per unit of mass. Current flow in windings and in the right direction takes place thanks to a commutator situated at the end of a rotor and brushes supplying current to it. Unfortunately, such a structure of an electric motor results in high friction and electrical losses between commutator and brushes. The electrical losses are caused by the fact that materials commonly used for brushes production have greater electrical resistance than metals, however the coefficient of friction is lower, this is a necessary compromise between mechanical and electrical losses. Moreover the relative movement of parts often causes sparking. This system also requires regular replacement of the brushes and commutator's surface maintenance.
A structure free of these disadvantages is a brushless DC motor. Its design and method of operation is actually similar to AC motors, i.e. magnets are on the rotor, while an energised winding is on an immobile stator. Instead of the classic commutator and brush system, a special electronic device responsible for directing the current in the windings of the motor is used [6] . This introduces some significant complications, especially it significantly increases the device cost and its size, although in this regard, the situation is improving significantly together with the development of the microprocessor technology, and it is no longer a problem in the case of small motors. In addition, the controller must be able to obtain information about the angular position of the rotor. There are several solutions which allow obtaining this information, among others encoders and resolvers enabling to obtain precise information about the angular position. A simpler and cheaper solution is, for example, mounting hall sensors on the stator. A system of three sensors placed every 120° is often used, which allows obtaining information about the motor rotation with an accuracy up to 60° and, consequently, enables effective motor commutation. The simplest and cheapest solution is, however, measuring the induced voltage directly by a controller in a winding not powered at a given moment. This solution does not require using any additional devices, but is often subject to large errors. The value of the induced voltage is dependent on motor speed. In addition, in the winding, there are often interferences from other eddy currents. The motors commutated in this way often have uneven characteristics during acceleration, but provide work smooth enough in terms of target speeds [3] .
In general, electric motors can be constructed in various configurations of windings and magnets, and it especially concerns the brushless motors due to the lack of mechanical commutator. Additionally, there is great flexibility of design in terms of control. Moreover, it is possible to build motors with an external rotor and a flat motor with a rotor located above the stator or between two stators.
Comparison of characteristics of the BLDC motors depending on the number of poles
In order to obtain comparative data within executed research works, the Motorsolve software by the Infolytica company was used. It allows user to simulate the operation of electrical machines using the finite element method. Within this research, a comparison of characteristics of motors of different number of magnetic poles of the rotor and windings slots of the stator was made. Particular emphasis was put on minimising the cogging torque and obtaining the torque curve with ripples as small as possible.
The phenomenon of torque ripple during motor operation is one of the biggest disadvantages of the BLDC motors. The causes of this phenomenon include, among others, imperfections of the motor controller and the cogging torque arising because of changes in reluctance of a magnetic circuit with the rotation of the rotor. It is important to distinguish between these two phenomena -the cogging torque is caused only by the magnetic characteristics of the motor and is observable even in the non-powered motor (e.g. this phenomenon can be observed during manual rotation of the rotor), while the torque ripple is a broader concept including electrical phenomena as well. The torque ripple also depends on the type of used controller; using a sinewave controller, the fluctuations can theoretically be limited to around 1%, but this situation is possible only if the shape of the graph of back electromotive force (this phenomenon will be discussed later in the paper) is also sinusoidal. When a squarewave controller is used together with the sinewave motor theoretical torque fluctuations are 13% minimally.
One of the methods to reduce the cogging torque is the increase in the ratio of the number of slots to the number of magnetic poles [5] . The mechanism is based on the assumption that a permeance variation (a reciprocal of reluctance) is concentrated on the edge of the magnet. Therefore, the increase in the ratio of the number of the sections to the number of poles results in a single slot affecting only one edge of the magnet.
The analysis of these phenomena was conducted by Ackermann and his team [1] . They obtained the following formula describing cogging torque:
An analytical solution of this equation is impossible, but it is worth noting which values have an impact on the final solution. D is the outer diameter of the rotor, is the total rotor length, means the bevelling angle of the section slots, means the nth harmonic permeance of the magnetic circuit, is the nth harmonic of magnetic field flux, and is the angle of rotation of the rotor. The last two parameters are n and S. They are described with the following formulas (2) and (3):
As mentioned above, the analytical solution of this equation is impossible, but, using numerical methods, the approximation of this solution can be obtained. For this purpose, it is necessary to calculate and differentiate the magnetic coenergy. The magnetic co-energy is the difference between the product of coils flux and current flowing through this coil and the magnetic energy. Since this value is differentiated, it must be calculated as accurately as possible in order to reduce potential errors [3] .
Another method of reducing the torque ripple is modification of the control current waveform so that the cogging torque is compensated by the torque ripples caused by the electric characteristics of the motor [2] .
Because of the above assumptions, the configuration of motors with a large number of magnetic poles (eight or more) and a fractional ratio of the number of poles and windings was chosen. Apart from the torque fluctuation phenomena, the phenomenon of heating of the motor during operation is an important operational feature. Fig. 2 shows a chart of temperature of the motor winding in an operation cycle under maximum load. These operating conditions were chosen because they are the most harmful to the motor, and the winding is its most heated element. The adopted 5 hour simulation time is long enough to adopt the temperature reached during the simulation as the maximum temperature. As it can be seen, two motors previously presented as the best in terms of torque fluctuations have very different temperature characteristics. The motor of the 10/21 configuration reaches the maximum temperature of nearly 70°C, while the motor of the 14/33 configuration reaches the maximum temperature as high as 185°C. The high temperature results in thermal expansion of motors elements, which, in extreme cases, may result in mechanical contact of the rotor magnets with the stator and, ultimately, damage or retention and burning of the entire motor. Another adverse effect of the high temperature is the deterioration of magnetic properties of ferromagnetic materials (reduction of coefficient of magnetic permeability of the material) and, in extreme cases, their complete disappearance, which is associated with deterioration of motor characteristics in the form of lower torque and motor power. A characteristic disadvantage of the electric motors is back electromotive force in its working windings. It, of course, concerns the BLDC motors as well. In electrical machines, it occurs during the relative motion of the armature and a magneto rotor [6] . Fig. 3 shows the back electromotive force in a function of the source phase angle. This phenomenon, in the case of the BLDC motors, has an impact on two important, but opposite, parameters of the motor. Above all, the efficiency of the motor decreases with the increase of the voltage induced in the current working windings, which is associated with loss of power and torque or the need to increase the supply voltage. On the other hand, high amplitude of voltage induced in the unexcited winding allows the correct commutation of the BLDC motor without additional sensors. For configuration of the 46/51, 14/33, and 32/36, the influence of higher-order harmonics on the shape of the waveform can be seen. In these cases, commutation of the motor using back electromotive force can be significantly hindered or even impossible due to a large number of places of intersections of the waveform with the x-axis in a single motor cycle. Control systems estimate the motor rotational speed based on the intervals between subsequent moments when the value of the back electromotive force is zero. In the above case, it is impossible to identify clearly these places. This results in the need for further filtering of the signal, which deteriorates its quality and delays the operation of the controller. 
Comparison of characteristics of the BLDC motors depending on the magnetic material of the used magnet
The above comparisons show that the motor of the configuration of 21 winding slots and 10 permanent magnets has the optimum operation parameters. Its disadvantage is the production of a significant amount of heat, but this problem can be overcame with forced cooling. Because of the good characteristics of the torque, the above configuration was chosen for further comparisons. An additional advantage is the relatively simple structure in comparison to other motors. Three of the most popular magnetic materials were used in comparison: AlNiCo, SmCo, and NdFeB. AlNiCo is a group of alloys of aluminium, nickel, and cobalt (the name comes from the symbols of the three elements -AlNiCo). They were widely used in the production of permanent magnets before development of the technology of production of magnetic materials based on rare-earth elements. They are characterised with high Curie temperature (even up to 800°C), which is the temperature above which a ferromagnetic material loses its properties. Their disadvantage in relation to newer materials from the point of view of the permanent magnet is lower remanence (residual magnetisation remaining after removal of the external magnetic field) of up to 1.2 T (tesla) and low coercivity of up to 80 kA/m. Coercivity is the value of the external magnetic field needed to eliminate the residual magnetisation. Magnets made of AlNiCo allow creation of a strong magnetic field, but are relatively prone to magnetisation. This allows to achieve accurate magnetization levels and desired magnetic flux with relative ease, alnico magnets are often magnetized after assembly (such method is nearly impossible for rare-earth magnets). On the other hand, it results in the loss of the desired magnetic properties influenced by an external magnetic field and its own magnetic field (however, please note that this is a long process).
Another two materials, i.e. SmCo and NdFeB, contain the so-called rareearth elements, i.e. respectively samarium (Sm) and neodymium (Nd). Magnets made of samarium and cobalt alloy have been produced since the 1970s. They have good magnetic properties: remanence up to 1.16 T and coercivity even up to 1600 kA/m, i.e. 20 times greater than in the case of magnets made of AlNiCo. Their Curie temperature is 800°C. The drawback of this material is high price and brittleness.
One of the newest types of materials are Nd 2 Fe 14 B alloys, i.e. neodymium magnets. They were produced for the first time in 1982 by the General Motors company. They are characterised by the highest remanence of up to 1.4 T and high coercivity of even up to 2000 kA/m. Their disadvantage is low Curie temperature of around 320°C and, as in the case of SmCo, brittleness. Moreover, this alloy requires a protection coating due to the high chemical activity of neodymium. Thanks to the relatively low price (compared to samarium-cobalt magnets) and excellent power to weight ratio, these magnets have become very popular and are now the most prevalent. Fig. 5 shows the chart of the torque in a function of the electrical angle for various materials, whose parameters are shown in table 1. The materials used in the comparison are:
• Vacomax 225HR and 225AP -these are magnets made of alloys of cobalt and samarium, manufactured by the VACUUMSCHMELZE company,
• Vacodym 655HR -it is a neodymium magnet by the same company,
• the other two materials are various grades of AlNiCo magnets On the chart of the Fig. 5 , a distinct advantage of magnetic materials based on rare-earth elements over the magnets produced of AlNiCo can be seen. The torque generated by them is significantly higher than the torque produced by the motor with conventional magnets.
Conclusions
Within the conducted simulations, the impact of various parameters of the BLDC motors on the course of their torque function was examined. The motor arrangement, i.e. the number of section slots, and the number of magnetic poles have the greatest impact.
As a result, the analyses of parameters of the brushless motors, with special regard to minimisation of the cogging torque and the curve of the torque with the smallest ripples, the motors configuration with a large number of magnetic poles (8 or more) and the fractional ratio of the number of poles and the windings was chosen.
The smallest torque ripple was observed for the motors of the configuration of 10 magnetic poles and 21 winding slots and 14 magnetic poles and 27 winding slots. It was found that the motor of the 10/21 configuration reaches maximum temperature nearly 70°C, while for the motor of the 14/33 configuration, it is 185°C. Therefore, the motor of the stator configuration with 21 windings slots and the rotor with 10 permanent magnets ensures the optimum working parameters. This motor is also characterised by minor ripples.
Because permanent magnets produced of rare-earth elements, thanks to a high density of magnetic energy, provide definitely larger maximum torque maintaining the same volume, the neodymium magnets should be used in the performance of the motor. This view is supported by the good relation of price to the offered parameters. The disadvantage of the motor is quite high operational temperature. The appropriate temperature during the operation of such motors can be ensured with adequate design of the motor itself and the application of forced cooling.
The presented drawings were prepared using the MotorSolve software lent for the duration of the works by courtesy of Infolytica Corporation.
